Abstract Dietary intervention is the first and usually successful approach in the treatment of high LDL cholesterol (LDL-C) concentration, but it is frequently accompanied by a decrease in HDL concentration. We studied 14 male volunteers on two different diets, high saturated fatty acid (SFA) and high PUFA, in a crossover design to test whether a decrease in HDL can affect reverse cholesterol transport from relabeled macrophages. A significant decrease of LDL-C (in mmol/l) after a PUFA diet compared with an SFA diet from 3.15 6 0.65 to 2.80 6 0.56 (P , 0.01) was accompanied by a significant decrease of HDL cholesterol (HDL-C) (in mmol/l) from 1.21 6 0.30 to 1.10 6 0.32 (P , 0.05). These changes did not affect cholesterol efflux (CHE) from macrophages (9.74 6 1.46% vs. 9.53 6 1.41%). There was no correlation between individual changes of HDL-C and changes of CHE. It is concluded that the decrease of HDL-C after successful dietary intervention of LDL-C is not accompanied by a decrease of CHE.-Kralova Lesna, I., P. Coronary heart disease (CHD) due to atherosclerosis of the coronary arteries is the main cause of mortality in the Western world (1). One of the typical phenotypes associated with increased risk of CHD includes increased LDL cholesterol (LDL-C) and reduced concentrations of HDL. Several epidemiological and physiological data indicate that a change in lifestyle (diet, physical training) can significantly improve lipoprotein profile and prognosis of CHD (2, 3). Meta-analysis of 60 controlled trials (4), focused on the effects of dietary FAs, clearly demonstrated a significant decrease in LDL concentration when saturated fatty acids (SFAs) in a diet were replaced with unsaturated FAs, and this decrease was accompanied by a significant decrease in HDL concentration. It is not clear whether such a decrease of HDL cholesterol (HDL-C) concentration compromises the otherwise atheroprotective effect of such a diet change.
Coronary heart disease (CHD) due to atherosclerosis of the coronary arteries is the main cause of mortality in the Western world (1) . One of the typical phenotypes associated with increased risk of CHD includes increased LDL cholesterol (LDL-C) and reduced concentrations of HDL. Several epidemiological and physiological data indicate that a change in lifestyle (diet, physical training) can significantly improve lipoprotein profile and prognosis of CHD (2, 3) . Meta-analysis of 60 controlled trials (4) , focused on the effects of dietary FAs, clearly demonstrated a significant decrease in LDL concentration when saturated fatty acids (SFAs) in a diet were replaced with unsaturated FAs, and this decrease was accompanied by a significant decrease in HDL concentration. It is not clear whether such a decrease of HDL cholesterol (HDL-C) concentration compromises the otherwise atheroprotective effect of such a diet change.
The importance of low concentrations of HDL as risk factor for cardiovascular diseases was initially demonstrated in Miller et al. (5) , and this finding has been repeatedly confirmed (6, 7) .
HDL represents a large family of particles differing in size, shape, and composition. Among several protective actions of HDL [protection of endothelial function, and anti-oxidative, anti-inflamatory, and anti-aggregative effects (8) (9) (10) ], the capacity of HDL to accept cellular lipids and reverse cholesterol transport (RCT) are thought to be the most important. RCT is the key pathway for efflux of cholesterol molecules to extracellular acceptors and their transport to the liver to be metabolized to bile acids. Despite the fact that RCT from macrophages contributes only a little to the whole centripetal transport of cholesterol, this pathway is crucial (11) , inasmuch as accumulation of esterified cholesterol in these cells is one of the first features of atherosclerosis.
RCT is a complex process involving several steps. First, unesterified cholesterol is carried out to the plasma membrane and then is taken up into extracellular space. Although some nonspecific processes may be involved (12) , the removal of cellular cholesterol is realized almost entirely through interaction between cellular receptors such as ABCA1, adenosine triphosphate binding cassette transporter G1 (ABCG1), and scavenger receptor class B type 1 (SR-BI) and plasma acceptors (pre-b-HDL and mature spherical HDL) (13, 14) . It has been proven (15) that some intracellular cholesterol leaves macrophages together with endogenously synthetized apolipoprotein E (apoE). The free cholesterol in HDL is then esterified through LCAT action, and mature spherical HDL particles are formed and remodeled in plasma by the effect of other enzymes, cholesteryl ester transfer protein, phospholipid transfer protein, and endothelial and hepatic lipases.
Owing to the complexity of the RCT process, a detailed study of the particular steps of RCT may not be enough to fully understand RCT. However, to overcome such complexity, methods that use diluted serum or plasma as an acceptor of cholesterol from cultivated cells may be used. Fibroblasts (16, 17) , hepatocyte cell lines (18, 19) , and macrophages (20, 21) were used mainly as the cell model for cholesterol efflux (CHE) measurements, and the methods of the measurements of CHE from cultivated cells were recently described in detail (22) .
Therefore, we decided to use such a method of CHE measurement to determine whether the decrease of HDL-C in a diet enriched with polyunsaturated fat is indeed detrimental with respect to RCT. The CHE was measured in young, healthy men in whom cholesterol, LDL-C, and HDL-C were lowered by replacement of SFAs by PUFAs in the diet.
MATERIALS AND METHODS

Subjects
Fourteen healthy Caucasian male volunteers participated in the study. Inclusion criteria were self-motivation to participate in the study, age between 18 and 55 years, body mass index ,30 kg.m 22 and normal concentration of lipoproteins. Exclusion criteria included recent adherence to any diet restriction before the study, use of any medications that could affect study outcomes, and diabetes mellitus and/or any other major illness as assessed by medical history, physical examination, and laboratory screening.
None of the subjects used any medication 1 month before and during the study and none of the subjects had an extremely low or high level of physical activity. The design of the study was approved by the Ethics Committee of the Institute for Clinical and Experimental Medicine. Written informed consent was obtained from all study subjects before participating.
Diets and lifestyle
The study had a randomized crossover design. Two 4 week diet interventions were carried out in succession without a washout period. A diet high in saturated fatty acids (SFA diet) or a diet high in polyunsaturated fatty acids (PUFA diet) was provided to participants. The crossover design of the study was used to minimize all confounding effects. Both diets were isocaloric (12,500 kJ/day), providing 45% of energy from carbohydrates, 15% from protein, and 40% from fats. The diets differed considerably in their FA composition. The SFA diet contained 52% SFAs, 34% monounsaturated fatty acids (MUFAs), and 14% PUFAs. The PUFA diet contained 26% SFAs, 33% MUFAs, and 41% PUFAs.
The diet composition was determined by a registered dietician, and the food was prepared at the Institute facility. The participants were asked not to consume any other food during the study, but they were allowed to adjust their food intake to feel comfortable (individualized size portions were balanced every week). All meals were provided to participants (breakfast, a mid-morning snack, lunch, an afternoon snack, and dinner). Diet adherence was monitored by dietary records and repeated sessions with a dietician. Subjects were asked to maintain their usual physical activities and lifestyles and to record any event that could affect the outcome of the study, particularly illness. Consumption of alcohol was not prohibited up to maximal daily dose of 20 g. We did not follow the use of tobacco during the study. Body weight and waist circumference were monitored throughout the study.
Biochemical data
Blood samples were obtained by venous puncture and drawn into vacutainer tubes after a 12 h overnight fast at the beginning of the study and at the end of each dietary period. Serum samples for lipid analysis were allowed to coagulate at room temperature, whereas samples for CHE measurements were placed immediately in ice water and allowed to coagulate. Blood samples were centrifuged at 3,700 rpm at 4°C for 10 min. Serum was separated, portioned, and frozen in duplicate and stored at 280°C until analysis at the end of the study. Plasma triglyceride concentrations, and total cholesterol and LDL-Cconcentrations were determined enzymatically by commercial kits (Roche Diagnostics). HDL-C concentration was measured after phosphotungstate precipitation of apoB-containing lipoproteins. Non-esterified fatty acid (NEFA) concentrations were measured by an enzymatic test (Wako Chemicals GmbH, Neuss, Germany), and apoA-I and apoB concentrations by imunoturbidimetric assay (Orion Diagnostica, Espoo, Finland). All lipoprotein analysis methods in the laboratory are under the permanent control of the Centers for Disease Control, Atlanta, GA. LDL-C concentration was also calculated from Friedewaldʼs formula.
The distribution of HDL subfractions was determined at the end of each dietary period after separation of lipoproteins (d,1.21 g/ml) by ultracentrifugation using nondenaturing PAGE as described by others (23) . Both samples from each subject were run on the same gel to eliminate interassay variation.
Anthropometric data
Anthropometric data (weight and waist circumference) were determined at the beginning of the study and at the end of each dietary regimen.
Cell culture and efflux measurements RCT was measured using in vitro in cells pre-labeled in the medium containing labeled cholesterol. Human serum from each subject was used as acceptor of cholesterol released from cells for determination of CHE. THP-1 human monocytes (human monocytic leukemia cells, ECACC 88087201) were maintained in RPMI 1640 medium containing 10% FBS, 2 mM glutamine, and 1% penicillin/streptomycin (PAA Laboratories) at 37°C, 5% CO 2 .
THP-1 monocytes were seeded into 24-well plates at a density of approximately 2 3 10 5 cells/ml in the presence of phorbol 12-myristate 13-acetate (100 ng/ml) (Sigma-Aldrich) and incubated for 72 h to induce differentiation into macrophages. Before each of the following steps, the cells were washed with PBS (PAA Laboratories), containing 0.1% fatty acid-free bovine serum albumin (FAFA) (PAA Laboratories). THP-1 macrophage cells were labeled during a 48 h incubation in a medium containing [ 14 C]cholesterol (specific activity 0.2 mCi/ml) (PerkinElmer Life Sciences, Inc.).
The incubation medium was labeled with [ 14 C]cholesterol in ethanol. The final ratio of ethanol to medium was 1:400. Ethanol solution was slowly added during continuous shaking of the media. The cells were then equilibrated overnight in serum-free RPMI medium containing 0.1% FAFA. To measure CHE, cells were incubated for 240 min in RPMI medium containing 5% serum of study subjects. Each serum aliquot was thawed only once just prior to use. Our previous unpublished data and other findings (18) showed that one cycle of freezing and thawing did not influence the ability of the serum to stimulate cholesterol release from the cells. Medium containing only FAFA (0.15%) (without tested sera) was used as a control. Efflux of cholesterol was measured between 15 and 240 min because the time curve of efflux of label was linear at this time interval and because the washout of labeled cholesterol off the cell surface was completed within 15 min. Aliquots of efflux media were collected at 15 min, and the efflux phase was ended at 240 min. Media were then centrifuged at 450 g at 4°C for 5 min to remove any floating cells, and then supernatants were mixed with scintillation liquid (Rotiszint: 11, Roth, Germany) for liquid scintillation counting. Medium-free cell monolayers were washed twice with ice-cold PBS containing 0.1% FAFA and once with ice-cold PBS. Cells were frozen for at least 1 h and then defrosted and lysed in isopropanol-hexane (2:3) for 1 h. Aliquots of the lysates were centrifuged at 440 g and evaporated in the scintillation vials, and then scintillation liquid was added for liquid scintillation counting. Serum samples from each subject were run in the same assay to eliminate interassay variation. The coefficient of variation for the CHE assay was 9.95%.
Percent CHE was expressed as radioactivity (cpm) in the efflux media divided by total radioactivity of the sample (media plus cell) and multiplied by 100. Each serum sample was analyzed in triplicate. Absolute differences in the triplicates of the present experiment were 61.2% (SD 0.52).
The measured values of efflux were not corrected to efflux to albumin alone [4.37 (SD 0.28)] and they may include the efflux of labeled cholesterol carried with endogenously synthetized apoE. These parameters should not vary within wells.
Statistical analysis
All results are expressed as mean 6 SD. The differences between SFA and PUFA dietary periods were evaluated using a paired t -test. The relationship between CHE and lipoprotein parameters and changes of CHE and changes of lipoprotein parameters were analyzed by simple linear regression.
RESULTS
No significant changes of body weight and waist circumference were documented during either dietary regimen.
As expected, the results of subjects on the PUFA diet showed 9.4% lower concentrations of total cholesterol, 9.3% lower LDL-C, and 9.1% lower HDL-C when compared with those of subjects on the SFA diet ( Table 1) . A similar trend could be observed for apoB and apoA-I concentrations, but the differences were not statistically significant in spite of a 9.1% decrease of apoA-I. Concentrations of triglycerides and NEFAs, as well as glycemia, were not affected by the diet change.
Importantly, no change in HDL subfraction distribution was observed using SDS-PAGE distribution between both dietary periods; there were neither significant changes in the proportional areas under the curve corresponding to particular HDL subfractions (HDL 2a , HDL 2b , HDL 3a , HDL 3b , and HDL 3c ) nor significant shifts in position of peaks of HDL distribution patterns (data not shown).
CHE measured using individual serum samples of study subjects at the end of both dietary periods was not different and was comparable to that at baseline (Table1; 9.74 6 1.46% at the end of the SFA diet and 9.53 6 1.41% at the end of the PUFA diet, with no significant difference). These results were not affected even after adjustment to HDL-C and/or apoA-I concentrations.
No correlation was found between CHE and lipids and lipoprotein concentrations on both diets. Importantly, there was also no correlation between change of CHE and change of HDL-C and apoA-I between diets (Fig. 1) .
DISCUSSION
It could be summarized that the replacement of saturated fat in the diet with polyunsaturated fat does not affect the CHE rate in spite of a significant effect on the HDL-C concentration.
The replacement of a saturated fat diet with a polyunsaturated fat diet and a decrease of alimentary cholesterol intake is an integral part of dietary therapy for hyperlipoproteinemias, but the decrease in LDL is accompanied by a negative change in atheroprotective HDL-C (24) (25) (26) . The purpose of this study was to induce these changes and to measure coincident changes in CHE.
As expected, the consumption of a PUFA diet resulted in a substantially lower concentration of total cholesterol, LDL-C, and HDL-C, similar to the results of other studies (24) (25) (26) . The differences in apoB and apoA-I did not reach statistical significance. Importantly, although the replacement of SFA by PUFA resulted in a change of HDL-C, it had no effect on the rate of CHE from macrophages labeled with [
14 C]cholesterol to sera from subjects in the study. To the best of our knowledge, our study is the first to demonstrate that replacement of SFA by PUFA in humans does not influence CHE to serum from the macrophages. In agreement with our findings, Sola et al. (27) did not observe any effect of a PUFA diet compared with an SFA diet but observed the increased capacity of CHE from human fibroblasts on a MUFA diet. However, the same group (28) did not find any difference in RTC from macrophages after a linoleic acid-rich diet and another diet enriched in oleic acid using HDL3 as acceptors. Similar to our findings, Montoya et al. (24) did not find any effect of a diet enriched with n-6 PUFA on CHE, but did find a positive effect of an n-3 PUFA-rich diet on CHE only. It is important to note that a different cell model, rat hepatoma cells, was used in this study.
Other studies have been carried out to analyze the relationship between HDL-C and CHE after specific lifestyle interventions. Olchawa et al. (20) found higher HDL-C and apoA-I and correspondingly higher efflux of cholesterol in trained subjects and suggested that higher RCT in trained subjects was probably caused by a higher number of HDL particles rather than increased ability of HDL particles to promote CHE from mouse macrophage cells. Similarly, Brites et al. (29) found a correlation between higher HDL level and higher CHE in trained subjects. Van der Gaag et al. (30) and Beulens et al. (19) described a positive effect of chronic use of low doses of alcohol on RCT. However, other authors (31) have found that CHE from macrophages to plasma is impaired in human alcoholics.
It can be objected that results of CHE measurement may be affected by the method used. We decided to use modified macrophages because they play a crucial role in the pathogenesis of atherosclerosis. This cell model has been used frequently in similar studies (32) (33) (34) , and in addition, the presence of receptors involved in RCT (ABCA1, ABCG1, and SR-BI) was proved in these cells (35, 36) . Both whole diluted sera and isolated lipoproteins have been used in studies of CHE as acceptors of cellular cholesterol. We preferred the use of the whole serum because it avoids the pitfalls of changes to HDLs or their subfractions during isolation of subfractions. Although the use of whole serum does not allow discrimination between relative roles of the different pathways and receptors involved in CHE, it is likely to be a best approximation of an in vivo situation.
The mechanism of HDL decrease on a PUFA diet has not yet been well characterized. Based on our results, it does not seem likely that the ability of HDL to remove cholesterol from cells is significantly affected. It was shown recently by Uehara et al. (35) that PUFA can lower ABCA1 and ABCG1 gene expression in macrophages. It can therefore be speculated that even if the ability of HDL to remove cellular cholesterol is not affected, the lower activity of cellular receptors on a PUFA diet can result in a decrease of HDL-C concentration.
The measurement of concentration of HDL seems to be only a very rough indicator of the complex process of RCT because no correlation of individual efflux data changes to either HDL or apoA-I concentration changes was found. This suggests that the concentration of HDL particles does not entirely correspond to the kinetics of RCT. A detailed understanding of HDL kinetics could help in assessing a change in cardiovascular risk after different lifestyle and/or medical interventions.
It can be concluded that the decrease of HDL-C resulting from replacement of SFA by PUFA in the diet does not affect the rate of CHE and does not seem to be detrimental to patients. 
